Ϫ/Ϫ mice, age-related nuclear cataract is formed. In the present study, a more in vivo-relevant model was generated to test the hypothesis that the calpain 3 gene is involved in age-related nuclear cataractogenesis in ␣3Cx46 knockout mice. METHODS. To test the hypothesis that the calpain 3 gene is involved in age-related nuclear cataractogenesis in ␣3Cx46 knockout mice, 129␣3Cx46
G ap junctions consist of two hexameric structures of connexin (Cx) molecules called connexons, which are located in the plasma membranes of two neighboring cells. So far, more than 20 connexin genes have been identified in vertebrates. 1, 2 Three connexin genes are expressed in the vertebrate lens: ␣1Cx43 connexin in epithelial cells 3 and ␣3Cx46 and ␣8Cx50 connexin in fiber cells. 4, 5 Previous studies have demonstrated that, in a 129␣3Cx46 KO mouse, an age-related nuclear cataract is formed that resembles cataracts in humans. 6 -8 In both the mouse model and humans, increased levels of calcium ions (human cortical cataracts) and ␥-crystallin cleavage (senile cataracts in humans) have been observed. 8 -11 The protease responsible for cleavage of ␥-crystallin is not known, but a lens-specific isoform of calpain3 (CAPN3) has been implicated in the mouse model. 8 Furthermore, mutations in the ␣3Cx46 gene have been linked to congenital cataract in humans. 12, 13 Calpains are a group of calcium-activated cysteine proteases. Unregulated Ca 2ϩ -mediated proteolysis of essential lens proteins by calpains may be a major contributor to some forms of cataract in both animals and humans, and drugs that inhibit calpains may be useful for prevention of cataracts. 14 In human cortical cataracts, total lens Ca 2ϩ increases by an average of 20-fold to give millimolar levels of the ion, far in excess of those necessary to overactivate calpains. 15 There are at least four calpains in the lens: calpain 1 (-calpain), calpain 2 (m-calpain), calpain 10, and Lp82/85. 14 Lp82 and Lp85 are lens-specific splice variants of calpain 3 (CAPN3). 16 Lp82 is the dominant form of calpain in the young mouse lens 17 and is localized to both nuclear and cortical regions of the lens from the newborn mice. 18 It has been demonstrated in ␣3Cx46 Ϫ/Ϫ mouse lenses that the Ca 2ϩ level is increased, resulting in activation of Lp82 that ultimately leads to ␥-crystallin proteolysis. 8, 9 Lp82-mediated cataractogenesis in rodent lenses has also been reported on calcium ionophore A23187 or selenite injections. 19, 20 CAPN3 Ϫ/Ϫ mice show a mild progressive muscular dystrophy that affects a specific group of muscles. 21 It has been reported that these CAPN3-knockout mice develop a lens normally, and no cataracts are visible. 18 Because age-related cataracts are the leading cause of blindness worldwide, therapeutic, nonsurgical strategies would have a profound impact on the quality of life. A better understanding of the mechanism by which cataracts are formed would make this goal more readily achievable.
The objective of this study was to determine the role of protease calpain 3 and ␥-crystallin degradation in cataract formation in the ␣3Cx46 Ϫ/Ϫ mice. We generated a ␣3Cx46/ CAPN3 double-knockout (dKO) mouse to investigate the effects of both ␣3Cx46 and calpain 3 genes on lens function.
MATERIALS AND METHODS

Generation of 129␣3Cx46 and CAPN3 Homozygous dKO Mice
The mice used in this study have been described elsewhere. 6, 21 129Sv␣3Cx46
Ϫ/Ϫ6 and 129SvCAPN3 Ϫ/Ϫ21 mice were mated to generate heterozygotes. The heterozygotes were then backcrossed, and the genotypes were analyzed by PCR until homozygous dKO mice were obtained.
All animal experiments were performed according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research,
Genotyping of Mice
To genotype the mice, we used three primers for PCR to determine the presence of wild-type (WT) or ␣3Cx46 disrupted alleles, as previously described. 6 The predicted PCR product sizes are 405 bp for the ␣3Cx46WT gene and 500 bp for the ␣3Cx46-KO gene.
Two pairs of primers were used for PCR, to determine the presence of WT or CAPN3 disrupted alleles, as described elsewhere. 21 The predicted PCR product sizes are 350 bp for CAPN3 WT alleles and 650 bp for the CAPN3 gene disrupted alleles.
Optical Quality Analysis
Mice (7 to 8 weeks old) were group housed, with free access to standard laboratory chow and water in a normal 12-hour light-dark schedule. Mice were wild-type (n ϭ 8), ␣3Cx46 Ϫ/Ϫ (n ϭ 4),
CAPN3
Ϫ/Ϫ (n ϭ 8), or CAPN3 and ␣3 dKO (n ϭ 8). Immediately after death induced with an overdose of euthanatizing solution (Euthasol; Butler Co., Alsip, IL), the eyes were enucleated, and the lenses were removed into culture medium (M199; InvitrogenGibco, Grand Island, NY). The lenses were each suspended by the equatorial rim on a beveled washer in a specially designed two-chambered glass and silicon rubber cell. Both surfaces of the lens were bathed in a culture medium (25 mL) consisting of M199 with Earle's salts and 8% fetal bovine serum.
Average back vertex distance (BVD) and variability in BVD were quantified on the right eye lens from each animal by an in vitro assay system (Scantox; Harvard Apparatus Inc., Hollister, MA), performed as described. [22] [23] [24] The system consists of a collimated laser source that projects a 0.5-mm-wide laser beam onto a mirror mounted on a carriage assembly at 45°. The mirror reflects the laser beam directly up through the lens. The mirror carriage is controlled by a position motor connected to a drive screw that permits a series of parallel laser beams to be passed in defined steps across the lens. A digital camera captures the actual position and slope of the laser beam transmitted at each step. Eight laser beams were passed at equal increments, defined by dividing the equatorial diameter of the lens by the number of steps. In addition, the lens was rotated in 30°increments until the entire lens was scanned. This methodology enables the curvature of the lens to be accounted for by the multiple laser passes at known longitudinal and latitudinal positions. On completion of all steps, the captured data were used to calculate the average BVD, as well as the variability of the BVD.
BVD is defined as measurements of the laser beam from the rear surface of the lens to the focal point. Repeated measurements of BVD indicate instrument reproducibility within 0.32% of BVD. Changes in this distance with beam position are predominantly the result of longitudinal spherical aberration. Variability in BVD, defined as the average standard error of the mean of the BVD of all laser scans, in each lens is an indication of the fine-focusing capabilities. This parameter is affected by naturally occurring or pathologically induced irregularities in the lens fibers.
Statistical analysis to determine whether significant differences were present between the BVD and variability in BVD were performed by Mann-Whitney t-test for independent samples. A difference reaching at least P Յ 0.05 was considered significant.
Histologic Analysis
Lenses from mice were dissected and examined by stereo microscope (Carl Zeiss Meditec, Thornwood, NY), as described. 25 Mouse lenses (between 7.5 and 8 weeks old) from WT, ␣3Cx46 Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , and ␣3Cx46/CAPN3 dKO mice were fixed in 2.5% glutaraldehyde in 0.07 M sodium cacodylate buffer (pH 7.2) at room temperature for 18 to 24 hours. After overnight washing in 0.2 sodium cacodylate buffer, the lenses were postfixed in 1% aqueous osmium tetroxide at 4°C overnight, then washed in cacodylate buffer and dehydrated through a graded ethanol series to propylene oxide. Lenses were infiltrated and embedded flat in epoxy resin. One-micrometer-thick sections were cut along the optic axis with a glass knife. Sections were mounted on glass slides and stained with a dilute mixture of methylene blue and azure II. Light micrographs were taken on a photographic microscope (Vanox AHBS3; Olympus America, Inc., Melville, NY) equipped with a 35-mm camera.
Lens Homogenization and Western Blot Analysis
Lenses were dissected from both eyes of WT, ␣3Cx46
Ϫ/Ϫ CAPN3 ϩ/Ϫ heterozygote, and ␣3Cx46/CAPN3 dKO mice using a posterior approach. Wet weights were determined. Lenses were homogenized in 200 L of PBS, and protein concentration was measured in a bicinchoninic acid protein assay (BCA, Protein Assay Kit; Pierce, Rockford, IL). Between 5 and 200 g of total protein were analyzed on either 15% or 10% to 20% gradient Tris-glycine SDSpolyacrylamide gels (Invitrogen, Carlsbad, CA). Western blot analysis was performed as previously described, 26 using anti-␥, ␣A, or ␣B-crystallin, primary antibodies, 27 a kind gift from Usha Andley (Washington University, St. Louis, MO). The ␤-crystallin antibody was obtained commercially (QED Bioscience Inc., San Diego, CA). The bound antibodies were detected by chemiluminescence (Supersignal West Pico; Pierce), using a goat anti-rabbit or goat anti-mouse horseradish peroxidase secondary antibody (Bio-Rad Laboratory, Hercules, CA).
Measurement of Ion Concentrations
Ion concentrations were measured as previously described. 8 Briefly, lenses from WT, ␣3Cx46 Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , or dKO mice were dissected and vacuum dried for 2 days. Pairs of dry lenses were weighed and solubilized in 100 L of 2% nitric acid for 12 hours at 37°C. Nanopure water was added to a final volume of 5 mL. The content of calcium, sodium, magnesium, and potassium was determined by emission spectrometry with a coupled plasma-optical emission spectrometer (ICP-OES) at the University of California at San Diego. All measurements were normalized to dry lens weight.
RESULTS
Generation of a ␣3Cx46/CAPN3 dKO Mouse
129Sv ␣3Cx46 Ϫ/Ϫ6 and CAPN3 Ϫ/Ϫ21 mice were mated to generate ␣3Cx46 ϩ/Ϫ /CAPN3 ϩ/Ϫ mice. The offspring were mated to generate homozygous dKO mice. PCR using genomic DNA isolated from the tails was used for genotyping the offspring. In the homozygous ␣3Cx46 Ϫ/Ϫ /CAPN3 Ϫ/Ϫ mice, dKO, both ␣3Cx46 Ϫ/Ϫ allele and CAPN3-disrupted allele were detected by PCR and WT ␣3Cx46 allele and WT CAPN3 were absent (data not shown).
Effect on Lens Weight and Water Content of the Absence of the ␣3Cx46 or CAPN3 Gene
The wet and dry weight and water content of the lenses from WT, ␣3Cx46 Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , and dKO mice from the age of 4 weeks to 24 weeks was measured (Fig. 1) . No significant change in the lens wet weight was detected (Fig. 1A) . Though the average lens dry weight from ␣3Cx46 Ϫ/Ϫ was less than WT littermates after 6 months, this difference was within the SD (Fig. 1B) . Thus, the growth of the lens is not affected by the lack of the ␣3Cx46 or CAPN3 gene. Lens water content was estimated by the difference in wet and dry lens weight. Though there is a trend toward greater water content in ␣3Cx46 Ϫ/Ϫ mice ( Fig. 1C ), differences were not significant.
Cataract Formation in the Lenses of dKO Mice
␣3Cx46
Ϫ/Ϫ mice develop nuclear cataracts that increase in size and intensity with increasing age. Using a dissection microscope, a nuclear cataract was visible beginning at 2 weeks of age consistent with previous observations. 6, 7, 8 This is in contrast to the lenses of the dKO mice, which do not have a visible cataract, from birth until at least 5 weeks of age (Fig. 2) . In these dKO mice, a slight opacity can be observed at 5 weeks that remains relatively constant in size, location, and intensity up to 7.5 weeks. At 8 weeks there is a dramatic increase in size of a diffuse, powdery nuclear opacity and this was fully developed by 11 weeks. Although the nuclear cataract observed in the dKO lenses was larger than that found in the ␣3Cx46 Ϫ/Ϫ lenses, it never extended to the outer cortex. The cataract pattern of the heterozygote ␣3Cx46 Ϫ/Ϫ /CAPN3 ϩ/Ϫ mice was similar to ␣3Cx46 Ϫ/Ϫ mice ( Fig. 2) , suggesting that the delay of cataract formation requires both alleles of calpain 3 to be disrupted.
Optical Quality of the dKO and CAPN3
؊/؊ Lens A laser-based in vitro assay system (Scantox; Harvard Apparatus) was used to measure the average BVD. To obtain lenses large enough (Ͼ2 mm diameter) to permit multiple passes of the laser, 7-to 8-week lenses from WT, ␣3Cx46 Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , and dKO mice were used for these experiments. Because of a central opacity, none of the lenses from the ␣3Cx46 Ϫ/Ϫ could be analyzed with the laser scanner. However, the lenses from wild-type, CAPN3
Ϫ/Ϫ and dKO mice were relatively clear and were able to be scanned. A representative laser scan from each of the three groups is shown in Figure 3 and a summary is shown in Table 1 . In the wild-type lenses, the lower BVD indicates that the laser beams came to a sharper focus than in either of the knockout groups. Moreover, a significant increase in the BVD and variability in BVD was observed in both the CAPN3 Ϫ/Ϫ and dKO groups compared with wild-type. Thus, disruption of CAPN3 gene causes both changes in the longitudinal spherical aberration (as indicated by the larger BVD) as well as a loss of fine focusing power (as indicated by the greater BVD variability). However, the effect on the dKO lens longitudinal spherical aberration was smaller than observed in lenses from the CAPN3 Ϫ/Ϫ mice (Table 1) .
Histologic Analysis of Lenses
Under a stereo dissection microscope, all the lenses had typical gross structure with normal anterior and posterior Y sutures. Light microscopy (LM) examination of thick sections obtained along the visual axis showed that the layering of nuclei in the differentiation zone of the anterior epithelium in the ␣3Cx46 Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , and dKO lenses was different from the wild-type lenses (Fig. 4) .
The layering of the nuclei of the fiber cells in these knockout lenses past the equatorial region, indicates that the rotation and the elongation of the differentiating fiber cells may be delayed in the dKO and possibly further delayed in the ␣3Cx46-knockout mice. In addition, the differentiation process (degradation of organelles) may also be delayed. However, an alteration in the organization of the cells in the differentiation bow zone of the epithelium was more evident in the ␣3Cx46 Ϫ/Ϫ lenses. Although the epithelial cells appear to rotate and elongate normally to form the lens fiber this occurred past the equatorial region. This contrasts with the WT lenses where this process occurs at the equatorial region. This delayed entry into the differentiation process resulted in improperly elongating cells in the outer regions of the cortex. Although the cells eventually elongate, the cell shape appears to be abnormal.
In the CAPN3 Ϫ/Ϫ lens, an alteration in the epithelium differentiation zone was also observed, but to a lesser extent, with the shape of the fiber being relatively normal in the fiber elongation areas of the lens outer cortex. Cells past this point of differentiation appear to be normal at the LM level. The differentiation zone of the dKO also showed this slight delay, but again the elongation in the outer cortex of the lens appeared normal.
Lack of ␥-Crystallin Cleavage in the dKO Lens
It has been demonstrated that a 11 kDa ␥-crystallin cleavage product was correlated with the formation of the nuclear cataract in ␣3Cx46 Ϫ/Ϫ mice. 6, 7 In the present study, the processing of the different crystallins was analyzed during the onset of cataract formation in dKO mice. In contrast to the 11-kDa ␥-crystallin fragment observed in ␣3Cx46 Ϫ/Ϫ mice, cleavage products of ␥-crystallin were not detected in WT, CAPN3 Ϫ/Ϫ , or dKO mice by Coomassie blue staining or by Western blot analysis (Fig. 5) . Analysis of total lens homogenate using antibodies specific for ␣A-or ␤-crystallin did not reveal significant differences between WT, ␣3Cx46 Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , and dKO mice (Fig. 5C) . However, Western blot analysis for ␣B 
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crystallin, indicated that in addition to ␥-crystallin cleavage, there was a cleavage of the ␣B crystallin that was unique to the ␣3Cx46 Ϫ/Ϫ mice and was age dependent (Fig. 5C ). The significance, if any, of the ␣B crystallin cleavage is not known.
Effect of Loss of ␣3Cx46 and CAPN3 Genes on Ca Ion Levels in the Lens
An increase in Ca 2ϩ ion levels has been reported to occur between 1 and 4 weeks in the lenses of ␣3Cx46 Ϫ/Ϫ mice. 8 Because an optical irregularity can be observed beginning at 5 weeks in the dKO, alterations in calcium homeostasis in these mice was investigated. The Ca 2ϩ ion levels were measured for the mice at several different ages (4, 5, 8, 11 and 16 weeks). Lenses from either ␣3Cx46 Ϫ/Ϫ and dKO mice exhibited a dramatic increase in the levels of Ca 2ϩ ( Fig. 6A ) with no marked change in the levels of Mg 2ϩ and K ϩ ions at the same ages (Figs. 6C, 6D ). However, there was a significant increase in Na ϩ ions only in the lenses from dKO mice (Fig. 6B) . Lenses from WT and CAPN3 Ϫ/Ϫ mice at identical ages had similar ion levels to each other, with the Ca 2ϩ ion levels being significantly lower than found in the ␣3Cx46 Ϫ/Ϫ or dKO lenses.
DISCUSSION
In a previous study, 8 a lens calpain 3 isoform was implicated in the formation of a cataract in ␣3Cx46 knockout mice. However, this study used an in vitro organ culture system as well as calpain inhibitors. In the present study, we have extended these observations using an in vivo model. In this model, a dKO in which both the ␣3Cx46 and CAPN3 genes were disrupted in mice was generated. Our data indicated that calpain 3 activity is required for the timing and formation of the nuclear cataract in the ␣3Cx46 Ϫ/Ϫ mouse that begins 2 weeks after birth. In contrast to ␣3Cx46 Ϫ/Ϫ mice, dKO mice did not have observable opacities until at least 5 weeks after birth. There was a dramatic increase in the extent of the cataract between 8 and 11 weeks in lenses from the dKO mice but the opacity remained diffuse and had a "powdery" appearance. This is probably because of the lack of ␥-crystallin cleavage in the dKO mouse that is detected in the ␣3Cx46 Ϫ/Ϫ mouse. This suggests that the calpain 3 gene is directly involved in, or part of the pathway that leads to, ␥-crystallin cleavage.
It was reported in a previous study that the severity of the nuclear cataract in ␣3Cx46 Ϫ/Ϫ lenses was dependent on the FIGURE 4. Light micrographs of the whole lens section and magnified equatorial region from 8-week-old wild-type, ␣3Cx46 Ϫ/Ϫ ,CAPN3 Ϫ/Ϫ , and dKO lenses. The epithelial (Ep) differentiation zone was profoundly altered in the ␣3Cx46 Ϫ/Ϫ lenses such that the cells had a delayed and abnormal entry into the elongation process in the immature cortex. In the CAPN3
Ϫ/Ϫ lens, the epithelial differentiation zone was slightly altered, but the elongation process appeared to be normal. Last, the effects of the original deficiency were partially reversed in the dKO lens. Eq, equator. strain background and correlated to the amount of cleaved ␥-crystallin. 7 In contrast to the 129 strain background, no significant ␥-crystallin cleavage in ␣3Cx46 Ϫ/Ϫ lenses in the C57BL/6J strain background was detected. 7 An isoform of calpain 3, Lp82/85, was suggested to lead to ␥-crystallin cleavage. 8 The calpain3 gene is identical in both 129 and C57BL/6J strains of mice. 21 The lack of ␥-crystallin cleavage in ␣3Cx46 Ϫ/Ϫ lenses in a C57BL/6J strain background could be because of, first, the calcium concentration never reaching a sufficiently high levels to activate Lp82/85. To activate Lp82, calcium needs to reach a critical level (ϳ1 M). 8, 9 Measurement of the intracellular calcium concentrations by injection of FURA2 into the fiber cells of the lenses indicates that in 129 wild-type lenses the calcium concentration varies from 700 nM in the center to 300 nM at the surface. 9 This contrasts with the 129␣3Cx46 Ϫ/Ϫ lenses where calcium accumulates to ϳ2 M in the central fibers which should be sufficient to activate Lp82. 9 Second were unknown modifier gene(s) present in C57BL/6J strain but not in the 129strain that potentially inhibit the cleavage of ␥-crystallin caused by a loss of the ␣3Cx46 gene in lenses. Alternatively, unknown gene products in the 129strain possibly activate protease(s), or modify its activity, and leading ultimately to cleavage of ␥-crystallin. A thorough genomic and proteomic study of the differences of the mRNA and proteins between these two genetic background strains may clarify the phenotypic differences between these two strains.
In the present study, Western blot analysis for ␣B crystallin indicated that in addition to ␥-crystallin cleavage, there were cleavage fragments of the ␣B crystallin that were unique to the ␣3Cx46 Ϫ/Ϫ mice and were age dependent. However, although ␣B crystallin cleavage was detected in the lenses of dKO mice, the smallest cleaved form of the ␣B crystallin was not detected (Fig. 5C ). The function of ␣ crystallin as a chaperone protein that prevents denaturation and aggregation of crystallins in vitro 28 and in vivo 29 has been described. Degradation of the C terminus of ␣B crystallin may reduce their chaperone function. 30 In rat lens, in vitro proteolysis of ␣B crystallin by either m-calpain or Lp82 was observed. 31 Cleavage fragments of ␣B crystallin have also been detected in human cataracts. 32 A previous study determined that the relative ratio between the smallest cleaved form of ␣B crystallin to its intact form was greater in the 129␣3Cx46 Ϫ/Ϫ mice than in the C57BL/6J ␣3Cx46 Ϫ/Ϫ mice, and also correlated with the degree of opacity in the mixed background (129xC57BL/6J) ␣3Cx46 Ϫ/Ϫ mouse lenses. 7 Thus, the lack of the smallest cleaved forms of ␣B crystallin in dKO mice may also contribute to the delayed 
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cataract formation and the decreased severity of the cataract in dKO mice that was observed in the present study. Laser scan analysis of lenses of 7.5-week-old dKO mice indicated that there was loss of focusing power with spherical aberrations when compared to wild-type mice. Similar analysis of lenses of ␣3Cx46 Ϫ/Ϫ mice was not possible because of a dense nuclear cataract. Histologic analysis suggested that there was an alteration in the differentiation program of the dKO mouse as indicated by the presence of nuclei past the equator, and this correlated with the observed optical changes. These optical and histologic changes are probably related to the loss of the calpain 3 gene, because they were also observed in the CAPN3 Ϫ/Ϫ lenses. The elongation of the fibers appeared to be normal. However, the observed pattern of the nuclei suggests the effect of the calpain 3 deficiency delays entry into elongation. In addition, in the dKO lens the effect on differentiation and elongation was less pronounced than in the ␣3Cx46 Ϫ/Ϫ mice, suggesting that the loss of the CAPN3 gene can compensate to some extent the lack of ␣3Cx46. The delayed entry into elongation due to lack of calpain 3 may be responsible for altering the optical properties of the lens that was detected in lenses lacking the calpain 3 gene. A more detailed characterization by electron microscopy may provide further insights into how the differentiation process is affected in the absence of ␣3Cx46 and/or calpain 3.
The study of a nuclear cataract in mice may be of relevance to human senile cataracts. The senile cataracts in humans also involve proteolysis of crystallins and their aggregation. Cortical cataracts in humans cause light scattering and ionic disturbances including an increase in intracellular Ca 2ϩ ion. 15 Thus, even though different mechanisms may initiate cataracts, the endpoints may be the same in both transgenic mice and in human senile cataracts. Changes in the ions in the lens are associated with cataractogenesis, and calcium-induced lens opacity is a well characterized model for generation of a cataract. 8, 9, 15, [33] [34] [35] Cleavage fragments of ␥-crystallin have been detected in human senile cataracts. 11 However, the protease responsible for ␥-crystallin cleavage in humans is not known. In both human and mouse models, activation of calpain(s) have been implicated during cataractogenesis. 14, 36 Lp82 is the principal protease responsible for cataractogenesis in the ␣3Cx46 Ϫ/Ϫ lens and its activation correlates with the cleavage of ␥-crystallin. 8 Our observation of the reduced opacity of the lens and the absence of detectable cleavage of ␥-crystallin in the lenses from dKO mice, up to at least 11 weeks is consistent with calpain 3 isoform(s) having a major role in the formation of age-related nuclear cataracts in ␣3Cx46 Ϫ/Ϫ lens. One difference between primates and rodents is that lens preferred Lp82 (major splice variant for calpain 3 in rodents) is believed to be absent in humans, 37 However, it is interesting to note that ␥-crystallins, cleaved at sites identical with those associated with the Lp82-mediated proteolysis of ␥-crystallins (between Asp-73 and Ser-74 in rodents 6 ), have been identified in human lenses. 38 Furthermore, a novel variant of p94/calpain 3 (hUp84/49) that is expressed ubiquitously has been detected in human lens epithelial cells.
39 P94/calpain 3 has the following unique characteristics, distinct from those of the conventional calpains. Inhibitors of the conventional calpains, including calpastatin and EDTA, have no effect on p94 autolysis. 40 This suggests that either p94/calpain 3 (hUp84/49) or a differ- Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , and dKO at the indicated ages were vacuum-dried, weighted, and solubilized in 2% nitric acid for 12 hours. The content of (A) calcium, (B) sodium, (C) magnesium, and (D) potassium was determined by atomic emission spectroscopy. All measurements were normalized to lens dry weight. N, number of mice analyzed in each experiment.
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As previously reported, ␣3Cx46 is important for calcium homeostasis in the lens. Deletion of ␣3Cx46 gap junctions results in an increase in total calcium in the nuclear region of the lens 8, 9 from age 1 week to 4 weeks. In the present study, ion level measurements of the lenses showed a temporal increase in levels of calcium ions in dKO mice similar to that observed in the ␣3Cx46 Ϫ/Ϫ mice and reached a plateau at approximately 5 weeks (Fig. 6A) . Because a nuclear cataract is readily observable in the ␣3Cx46 Ϫ/Ϫ lens at this age, unlike the dKO lens, this result suggests that increased Ca 2ϩ levels can lead to cataract formation in the lens even in the absence of ␥-crystallin cleavage. However, the opacity observed in the lenses of the dKO mice is different in appearance (more diffuse and powdery) from the dense, nuclear cataracts observed in the ␣3Cx46 Ϫ/Ϫ mice. The mechanism by which this diffuse cataract is formed is not known. Possibly, it is due to cleavage of other substrates, such as cytoskeletal proteins, rather than crystallins.
Unique to the dKO lens was a two-to threefold increase in Na ϩ levels that was observed at 11 weeks (Fig. 6B ). Both the wet-dry weight of lenses and water content among WT, ␣3Cx46 Ϫ/Ϫ , CAPN3 Ϫ/Ϫ , and dKO mice from the age of 4 weeks to 24 weeks were not significantly changed. In addition there was no significant change of water content between the lenses of 8-and 11-week dKO mice (Fig. 1) . Furthermore, comparisons of light micrographs of whole lens section did not detect any significant change in gross structure of inner lens fibers between 8-and 11-week-old dKO mice (data not shown). A more detailed characterization by electron microscopy may provide further insights into the structural alterations affected from the lenses of 8-and 11-week-old dKO mice.
The significance, if any, of the increased sodium concentration in dKO mice is not known. Lens sodium concentration increases have been reported previously in hereditary cataract mice 41, 42 and in human senile cataract. 43 As the Na ϩ moves inward from surface of the lens, it is continuously crossing into fiber cells, driven by its transmembrane electrochemical gradient. 9 Once in the intracellular compartment, it reverses direction and flows from cell-to-cell via gap junctions toward the lens surface. The differentiating fibers have their gap junction coupling conductance concentrated in the equatorial region, so the intracellular current is directed to the equatorial surface epithelial cells. Recent studies 44, 45 have shown that Na/KATPase activity is highly concentrated at the equatorial surface, where it can transport the intracellular flux of Na ϩ out of the lens. Epithelial cells are responsible for essentially all the active transmembrane transport in the lens, including those involving Na/K-ATPase. 46 The activity of Na/K ATPase decreases with increasing age in humans, and this decrease occurs primarily in the inner nuclear region. 47 In experimental and hereditary cataracts in animals, loss in the activity of Na/K-ATPase has been associated with lens opacification. 47 Furthermore, Na/KATPase activity decreases in human cataracts. In severe cataractous human lenses, a marked decrease in the Na/K-ATPase activity has been demonstrated in all parts of the lens, in contrast to less severe cataracts, where the decrease in the enzyme activity occurs primarily in the cortical and nuclear regions. 47 Most of the Na/K-ATPase activities occur in epithelial cells of lenses. 46 It is interesting that the opacity of dKO lenses increased between 8 and 11 weeks of age, the same time as the increase in sodium level was observed. It is possible that there is a significant decrease of Na/K-ATPase activity in 11 week dKO mice and that it leads to more severe cataract compared with the moderate cataract in 8-week-old dKO mice. Duncan et al. 48 have studied the physiological status of human lens membranes of different ages in the population. They found that in human lenses, membrane potentials increased with age. All the older lenses had markedly higher calcium and sodium concentration that increased with age and grade of the cataract. Recently, it has been reported that human lens phospholipid changes with age and cataract. 49 As a result of the elevation of sphingolipid levels with species, age, and cataract, lipid hydrocarbon chain order, or stiffness, increases. Possibly the increased sphingolipid levels reduces calcium pump activity, among its many other effects.
In summary, the present study demonstrates directly that the calpain 3 or its isoforms is necessary for formation of the nuclear cataract that is observed in the ␣3Cx46 Ϫ/Ϫ lens. In the absence of the CAPN3 gene, the formation of a cataract is delayed, and its appearance is changed to a more diffuse, pulverulent type. The loss of the CAPN3 gene prevents the cleavage of ␥-crystallin. The results are consistent with the hypothesis that the loss of ␣3Cx46 leads to increased levels of Ca 2ϩ ions, and this increase activates the CAPN3 isoform, Lp82/85, which results in the formation of a nuclear cataract. The potential relevance of this mouse model for studying human cataracts is strengthened by the recent report that a human autosomal dominant cataract has been mapped to the same region on human chromosome 13 where the ␣3Cx46 gene is located. 50 
